• pMCAO rats were firstly used to assess long-term gait deficits by a computer-assisted method.
Introduction
Ischemic stroke is one of the most frequent causes of death and leading cause of adult disability worldwide [1, 2] . Even patients who have survived from stroke, 90% of them suffer permanent neurological deficits. It is essential for stroke survivors to have a lengthy program of rehabilitation, followed by life-long clinical support with rehabilitation therapy in order to improve their life quality [3, 4] .
However, treatment options are very limited at present and many promising agents used in stroke models have failed to live up to expectations in clinical studies [5] . This may be partly because many preclinical studies have employed a narrow window after the ischemic episode for evaluating functional outcomes in screening therapeutic candidates. These short evaluation periods following injury have significantly limited our understanding due to a lack of information on the delayed effects of treatment, as well as to a short-lived and reversible neuroprotection, generating so-called false positive results. In addition, functional deficits associated with impaired sensorimotor ability after human strokes often develop over the course of months or years [6, 7] .
Therefore, there is a need to develop a reliable, non-subjective means of measuring outcomes that can detect long-term sensorimotor deficits following middle cerebral artery occlusion (MCAO). Although tests for the locomotion-like rope walk [8] , grid walk [9] , ladder rung behavior [10] and foot print analysis [11] have unraveled distinct neurological impairments after stroke, their sensitivities are too low to distinguish subtle motor impairments. As we know, gait impairment often occurs as a result of an ischemic stroke. Poststroke gait is characterized by temporal asymmetry, reduced walking velocity, and reduced stride length [12] . Impaired gait function not only reduces ambulation but can also lead to imbalance and falls, especially in elderly patients experiencing a stroke [13] . Analyzing neurological symptoms such as gait impairment may improve evaluation of the neurological outcome, both in humans and animals, and may also aid in the assessment of the effectiveness of new treatment concepts. To date, several groups have investigated gait impairments in different stroke models. In studies of transient ischemia (tMCAO) with rats or mice [14] [15] [16] [17] , gait parameters were found to be similarly altered, indicating that gait analysis is a feasible method for use with animal stroke models. However, permanent ischemia (pMCAO) without reperfusion is more similar to naturally occurring cerebral ischemia in humans and is thus of greater clinical relevance. One recommendation of the Stroke Therapy Academic Industry Roundtable (STAIR) called for replicating findings in multiple laboratories using pMCAO models, also because pMCAO models could better simulate typical human stroke injury without reperfusion on pathophysiology and therapy of experimental stroke. Moreover, the pMCAO model also provides a useful means for testing therapeutic approaches aimed at repairing the injured tissue in late stages of cerebral ischemia [18, 19] .
The goal of the present work was to describe gait changes in rats after permanent middle cerebral artery occlusion (pMCAO) and to evaluate results of behavioral tests used to detect longterm gait deficits for up to 42 days after ischemic injury. Several parameters that have not been employed in previous studies were added to observe their usefulness in assessing gait in cerebral ischemia. Furthermore, correlation analyses were carried out between gait parameters and the cerebral infarction volume in order to evaluate associations between gait and cerebral impairment in ischemic stroke, and to identify ischemic models and behavioral tests which could be reliably used for screening in pharmacological studies and in bench to bedside translation.
Materials and methods

Experimental animals and environmental conditions
Male SD rats (HFK, Beijing, China), 10 weeks old, weighing 300-320 g at the beginning of the experiments, were housed with lights on from 7:00 h to 19:00 h. Surgery was performed after all the rats were allowed to acclimate for 1 week. Rats were housed in groups of four per cage with ad libitum access to food and water. The animals were divided into two groups for use in gait test at all the observing time points. These groups consisted of pMCAO (n = 8) and sham (n = 8) rats respectively. Room temperature and humidity were maintained at 23 ± 1
• C and 65 ± 5%, respectively.
All experiments were performed in accordance with protocols approved by the Committee for the Care and Use of Laboratory Animals of IMPLAD, CAMS & PUMC, China and were based on the "Principles of Laboratory Animal Care" (NIH publication no. 86-23, revised in 1996) and PR China legislation for the care and use of laboratory animals. Sufficient measures were taken to minimize animal suffering during experiments, such as moving or gripping experimental animals with gentle manipulation, changing litter in cages frequently for animals with adequate food and water, and so on.
Permanent MCAO surgical procedure
Permanent focal cerebral ischemia was induced by occluding the middle cerebral artery using the previously described intraluminal suture method [20] with minor modifications. Briefly, rats were anesthetized with 10% chloral hydrate diluted in physiological saline (3.5 ml/kg, IP). And a monofilament coated with poly-l-lysine (0.1 wt/vol% in deionized water, Sigma, USA), was used to occlude the origin of the middle cerebral artery (MCA). It was inserted into the internal carotid artery lumen until it met mild resistance, approximately 2.2 cm beyond the common carotid artery bifurcation. The suture was secured with a ligature and maintained in place until sacrifice. The same surgical procedure was conducted in sham-operated rats in which the MCA was not occluded. During the surgical procedure, the body temperature was maintained at 37
• C using a homeothermic blanket.
Determination of neurological symptoms
Motor and behavioral changes were assessed one hour after surgery using a fivepoint scale [21] as follows: 0, no neurological deficit (normal); 1, failure to extend right forepaw (mild); 2, decreased resistance to lateral push (mild to moderate); 3, circling or walking to the right (moderate); and 4, loss of walking or righting reflex (severe).
Gait analysis
Gait assessment was carried out in rats on the 1st, 7th, 21st and 42nd day after pMCAO by the automated computer-assisted method (Xin Hai Hua Yi Instrument Co., Beijing China). Data were collected and analyzed with Gait Analysis Lab software version 5.0. The equipment was located under natural light in a silent room. In brief, the system consists of an elevated 1.2 m-long glass plate which is illuminated with a fluorescent light coming from the side and the fluorescent light is internally reflected in the glass allowing the paws to reflect light as they come into contact with the glass floor. A ceiling on top of the walkway creates a red background to produce the contour of the animal. A high-speed camera (100 frames) underneath the glass plate captures the images which are subsequently analyzed by the connected computer program (Fig. 1A) . The video acquisition system is sealed with a PVC sheet to ensure a uniform dark environment to insure controlled lighting in the experiment. Prior to the first testing day, the animals were trained to traverse a glass walkway toward their home cage. On subsequent training days, three complete runs across the walkway were recorded by a camera positioned below (Fig. 1B) . If an animal failed to complete a run within 5 s, walked backwards, or reared during the run, the animal was given an additional re-run. Pixels below a light intensity of 20 units on a 0-255 arbitrary scale were filtered out. Prints can be inspected individually and in combinations, and timing diagrams for paw placements are available ( Fig. 1C and D) . Gait parameters were classified into four main categories as summarized in Table 1 .
Histology
The aim of the histological evaluation was to estimate the total infarct volume. After completion of the last behavioral test time-point, rats were sacrificed and transcardially perfused with 4% paraformaldehyde in PBS. Brains were removed from skulls and immersed in paraformaldehyde at 4-8
• C. Each brain was then cut into six coronal 2 mm-thick slices. Histology sections (approximately 5 m thick) were obtained for evaluation by light microscopy and scanned into the computer. In each section, an outline was traced around the contralateral hemisphere and the ipsilateral hemisphere using Image J (NIH, USA). The infarct area (mm 2 ) was calculated by two independent and experimentally blind assistants by subtracting the area of the ipsilateral hemisphere from the contralateral hemisphere. The infarct volume was calculated as the mean cavity area of two adjacent sections multiplied by the distance between them. The total volume was the sum of the volumes for each section. The ratio of the cerebral infarction volume is the volume of cerebral infarction in the ipsilateral hemisphere in relation to the total cerebral volume. Brain infarct volumes were expressed as the percentage of the volume of the injured hemisphere.
Statistical analysis
All analyses were performed using SPSS version 16.0 (Chicago, IL, USA). Data are presented as means ± S.E.M. A p-value of less than 0.05 was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). Behavioral data were first analyzed using repeated measures analysis of variance (ANOVA) with days as the withinsubject variable and different treatment groups as the between-subject variable (sham vs. pMCAO). Mauchley's test was used to evaluate the sphericity of the withinsubject effects, and when necessary, Greenhouse-Geisser was applied to adjust the degrees of freedom. When significant effects were detected, post hoc multiple pairwise comparisons were made using the LSD comparisons test after ANOVA. Furthermore, a Pearson correlation coefficient was used to evaluate the relationship between infarction volumes and behavioral outcomes.
Table 1
Terminology and definition of the main gait parameter categories relevant to this study.
Parameter Definition
Based on the body position Walk speed The speed obtained by summing the total distances that all the feet have moved over the entire video and dividing by the sum of the stance times for all the feet. Body rotation average
The average orientation measured in degrees with 0 orientation being directly in front of the animal, representing the capacity of controlling the walking direction in certain degree.
Body rotation standard deviation
The standard deviation of the body rotation measuring the amount of sway of the animal in terms of body rotation from its average orientation, and representing walking stability of the animal to some extent.
Lateral movement average
This average lateral movement yields the average position of the center of the mass of the animal along its minor body axis (waist axis) with respect to the image. Lateral movement standard deviation
The standard deviation of the lateral movement measuring the amount of variability of the center of mass along the minor body axis (waist axis).
Based on relative positions between paws
Track width The distance between the midpoint of the trajectory of the left foot stance and the midpoint of the trajectory of the right foot stance.
Print position
Distance from the former forepaw position to the consecutive hindpaw position Stride length
The real-world distance the animal has traveled (assuming a stationary tread with the animal walking forward) between two successive initiations of stances.
Temporal parameters
Stride time
The time elapsed between two successive initiations of stances: the sum of the stance time and swing time.
Stance time
The time elapsed while the foot is in contact with the floor in its stance phase.
Swing time
The time elapsed while the foot is in the air, its swing phase.
Brake time
The time elapsed between the start of a stance and the instance the foot reaches the normal stance position.
Propulsion time
The time elapsed between the instance the foot reaches the normal stance position and the time when it leaves the floor surface.
Propulsion index
The ratio of stance time and propulsion time Duty cycle (%)
The percentage of stride time spent in the stance phase. Support time (%)
The relative duration of one, two (diagonal, lateral, or girdle pairs), three, or four paws in contact with the floor, expressed as percentages.
Swing speed
The ratio of the stride length to the swing time.
Homologous coupling
The fraction of the stride of a reference foot, when the given foot on the same half (front half or rear half) starts its stride.
Homolateral coupling
The fraction of the stride of a reference foot, when the given foot on the same side (left side or right side) starts its stride.
Diagonal coupling
The fraction of the stride of a reference foot, when the given foot diagonally opposite to the reference foot starts its stride.
Spatial parameters based on individual paws
Print intensity Pressure of paw in contact with the floor. Average print area
The size of the foot print over the entire stance.
Max print area
The maximum area of a paw (in pixels) that comes into contact with the glass plate.
Results
Functional deficits
After recovering from the anesthetic, all occluded rats circled or veered to the affected side, earning them a score of 3 on the acute neurological assessment one hour after pMCAO. Signs of stress were evident for the first few days after the occlusion by the large amounts of red harderian gland secretions around their eyes and nostrils. After 10-14 days, rats no longer drooled or circled, and a gross inspection of the animals in their home cages failed to detect any apparent behavioral deficits.
Gait impairment following pMCAO
A summary of the gait parameters measured with the gait analysis system in SD rats subjected to pMCAO is provided in Table 1 . Table 2 provides an overview of the gait parameters used, in this study, as well as changes that occurred from day 1 to day 42 after pMCAO. Gait assessment of sensorimotor function in postpMCAO rats revealed long-lasting deficits for several weeks in the behavioral parameters related to each paw. In particular, significant differences in most of the evaluated gait parameters were obviously found between sham and pMCAO groups during the 1st week.
The parameters showing the most significant differences are described in further detail below, and these included walk speed, stride time, body rotation average, body rotation standard deviation, duty cycle, double support time, three support time, propulsion time, propulsion index and homologous coupling (Figs. 2-9 ).
Walk speed and stride time: In this study, as with the findings reported in stroke people, there was a significant difference in both walk speed ( Furthermore, post hoc analysis of the data showed that walk speed was decreased, while the stride time was increased, on the 1st (F 1,15 = 7.8161.06, p < 0.0001; F 1,15 = 43.64, p < 0.0001; respectively), 7th (F 1,15 = 13.79, p = 0.0023; F 1,15 = 18.20, p = 0.0008; respectively), 21st (F 1,15 = 61.12, p < 0.0001; F 1,15 = 26.00, p = 0.0002; respectively), and 42nd day (F 1,15 = 13.60, p = 0.0024; F 1,15 = 16.76, p = 0.0011; respectively) after pMCAO. In contrast with the sham group, sustained impairments were detected in the walk speed and the stride time for the duration of the pMCAO study, and these findings were statistically significant up to six weeks.
Body rotation average and standard deviation: The average body rotation is the average orientation measured in degrees with 0 orientation being the direction immediately in front of the animal. It essentially represents the overall orientation of the animal. If an animal has an average body rotation of +5 degrees, it has a tendency to walk with the body angled 5 degrees clockwise on average. Standard deviation of the body rotation is the amount of sway of the animal in terms of the rotation of the body from its average orientation. In the example above, if the standard deviation was 3, then the animal had a tendency to sway, for example, from +8 degrees to +2 degrees. In this study, a larger body rotation average was noted in pMCAO animals during locomotion ( Fig. 2C : effect of surgery F 1,15 = 10.51, p = 0.0059) as was a gradual improvement in this average during recovery ( Fig. 2C : effect of time F 3,45 = 4.96, p = 0.0049); no significant differences were seen in the standard deviation of the body rotation ( Fig. 2D : effect of surgery F 1,15 = 3.14, p = 0.0981). Post hoc analysis of the data showed that on the 1st day after pMCAO, the average body rotation of the pMCAO rats was not significantly different from that of the sham group, while the body rotation standard deviation was increased (F 1,15 = 5.80, p = 0.0304). On the 7th day post-surgery, the average body rotation was increased significantly (F 1,15 = 22.81, p = 0.0003), but the standard deviation showed no obvious changes. Significant changes in the body rotation standard deviation and in the average body rotation appeared uniquely at acute and subacute stages, respectively, with no significant changes noted at other stages of the disease.
Propulsion time and propulsion index: In this study, pMCAO induced a significant increase in the propulsion time of the left forepaw ( Animals subjected to pMCAO showed an increased propulsion index of only Rf during locomotion ( Fig. 4C : effect of surgery F 1,15 = 7.17, p = 0.018). However, post hoc analysis of the data showed that the propulsion index of the affected limbs (Rf, F 1,15 = 7.60, p = 0.0155; Rh, F 1,15 = 6.32, p = 0.0248; respectively) and the uninjured hindlimb (F 1,15 = 7.54, p = 0.0157) was increased on the 1st day after pMCAO, and that of the uninjured forelimb was decreased (F 1,15 = 10.78, p = 0.0054), which might be due to deficits in swing initiation and forward propulsion in walking due to weakness of the affected limbs, a hyperfunction of swing initiation and a compensating forward propulsion of the uninjured forelimb. On the 7th day after pMCAO, the propulsion index of the two forelimbs (Lf, F 1,15 = 5.07, p = 0.0409; Rf, F 1,15 = 15.09, p = 0.0016; respectively) and affected hindlimb (F 1,15 = 6.22, p = 0.0258) was significantly increased, but that of the uninjured hindlimb had a tendency to decrease. On the 21st and 42nd day post-surgery, the propulsion index of the forelimbs showed an upward tendency, while that of the hindlimbs showed a downward tendency. Especially noteworthy, on the 42nd day after pMCAO, the propulsion index of the uninjured hindlimb was significantly reduced (F 1,15 = 5.52, p = 0.034). This showed that the compensatory effect of the uninjured forelimb disappeared on the 7th day, and that the effect of the hindlimb subsequently increased over time.
Duty cycle (%): Animals subjected to pMCAO displayed an increase in the duty cycle (%) of each paw, and (Fig. 6D : effect of time F 3,45 = 13.71, p = 0.0003). And importantly, it was interesting to note that there was no significant difference between Rh-Lh-Lf and Rh-Lh-Rf three support times (%), as was also seen with those of Rf-Lf-Lh and RfLf-Rh in the sham group, due to a symmetric distribution of gravity on both sides of the body when normal rats engage in walking (Table 3) . However, in the pMCAO group, a significant difference was observed between Rh-Lh-Lf and Rh-Lh-Rf (Fig. 7B : effect of asymmetry F 1,15 = 8.08, p = 0.013), and Rh-Lh-Rf three support time (%) was increased as seen on post hoc analysis of the 1st day (F 1,15 = 11.71, p = 0.0041) results. A significant difference was also seen between Rf-Lf-Lh and Rf-Lf-Rh (Fig. 7D : effect of asymmetry F 1,15 = 4.65, p = 0.049). Post hoc analysis of the data showed that Rf-Lf-Lh three support time (%) was increased on the 1st day (F 1,15 = 9.55, p = 0.008) post-surgery. This demonstrated severe deficits in the walking symmetry of the pMCAO rats, especially at the acute stage of the disease, probably leading to changes in the walking direction during this phase.
Animals subjected to pMCAO showed a shorter double support time (%) during locomotion, and Fig. 8 shows that of Lf-Rh ( There was a tendency toward a longer interval on four paws in the pMCAO group, compared with the sham group, with no statistical significance (data not shown). Thus, the decreased double support time (%), and the increased time on three and four paws showed that the walking stability of the pMCAO rats had decreased and that three and four paws were needed to improve the walking stability. However, changes in the double and three support times (%) gradually became smaller in pMCAO rats over time, which suggested that walking stability had significantly improved.
Homologous coupling: In this study, homologous coupling is a coordination-related parameter that illustrates the temporal relationship between the placement of two forepaws or hindpaws.
We found that pMCAO led to delayed placement of the right forepaw during the left forepaw stance (Fig. 9A : effect of surgery F 1,15 = 34.66, p = 0.0001). When the left hindpaw was instance, there was a significant difference between sham and pMCAO groups during right hindpaw placement ( p = 0.0017). In addition, the left hindpaw anchor with the right hindpaw target also showed a deficit on the 1st (F 1,15 = 9.07, p = 0.0093), 7th (F 1,15 = 7.76, p = 0.0146), and 21st day (F 1,15 = 11.18, p = 0.0048). These results suggested that pMCAO could have led to the obvious deficits in homologous coupling, which recovered at later stages.
Correlations between the walk speed and the other gait parameters
Velocity is a very important determinant that can potentially influence several parameters of gait function [22] . However, the relationship between walk speed and other gait parameters in the pMCAO animal model has not previously been reported, therefore we conducted Pearson's correlation analyses during the acute phase (1st day after pMCAO) according to gait studies of cerebral ischemia rats [16] (Table 4) . Consistent with a previous finding [23] , results of this study showed that stride time and swing speed were interdependent with walk speed in both sham and pMCAO rats. Propulsion time (Lf, r = −0.95; Lh, r = −0.97; Rf, r = −0.85; Rh, r = −0.94; respectively), brake time (Lf, r = −0.97; Lh, r = −0.76; Rf, r = −0.86; Rh, r = −0.93; respectively), and stride length (Lf, r = 0.5; Lh, r = 0.46; Rf, r = 0.76; Rh, r = 0.69; respectively) were significantly correlated with walk speed in the sham group, while in the pMCAO rats, only Lh propulsion time (r = −0.91), Rh propulsion time (r = −0.72) and Lh stride length (r = 0.83) were correlated with walk speed. Swing time only showed a tendency to decrease when the walk speed was increased. There were no correlations between walk speed and other temporal or spatial parameters such as track width, relative paw placement, and body rotation average (data not shown).
In sham-operated rats, correlations (r > 0.5) with walk speed were significant with respect to both hindpaws and forepaws with certain temporal or spatial parameters. However in pMCAO rats, significant correlations (r > 0.5) were found with only a few parameters and these did not pertain to all paws, which might have been due to asymmetric changes affecting the limbs in movement among these animals. Furthermore, there were no correlations between walk speed and many other temporal or spatial parameters such as relative paw placement and the body rotation average. This suggests that the changes in gait parameters mentioned above may not necessarily be due to a lower walk speed in the pMCAO rats, although we did conjecture that a slower speed might be due to the combined effect of these changed gait parameters. 
Correlations between the volume of cerebral infarction and gait parameters
Measurement of the cerebral infarction volume using sequential coronal sections revealed no infarcts in any of the sham-treated rats but significant cerebral infarction in pMCAO-treated rats (0.264 ± 0.084%) (Fig. 9C) .
Statistical analyses were carried out on a number of obviously correlated parameters at some observation point. There was no significant correlation between any of the gait parameters on the 1st day after pMCAO and the cerebral infarction volume on the 42nd day post surgery. On the 7th day after pMCAO, 16 parameters correlated with the cerebral infarction volume and these were as follows: stride length, swing speed, stance time, duty cycle (%), double support time (%), three support time (%), homologous coupling, propulsion time, propulsion index, and brake time. On the 21st day after pMCAO, 13 parameters correlated (r > 0.5) with the final cerebral infarction volume and these were as follows: stride time, walk speed, homologous coupling, brake time, propulsion time, stance time, and duty cycle (%). On the 42nd day after pMCAO, only swing time was correlated with the final cerebral infarction volume. The results are presented in Table 5 .
Discussion
Gait impairment in pMCAO rats
Most studies of neuroprotection following MCAO have restricted their assessments to simple reflex and sensory-motor function during the early phase of the infarction, or at best, to behavioral tests within about one month of the infarct. This is because rats often show quick recovery times following MCAO and long-term deficits are hard to detect. However, in human stroke, functional deficits associated with impaired sensorimotor ability often develop over the course of months or years. Gait analysis in this study demonstrated significant long-lasting deficits for several weeks and recovery was slow in several areas including walk speed, stride time, duty cycle (%), support time (%), propulsion time, and interlimb coordination of girdle pairs. Changes in these gait parameters make them suitable for behavioral evaluation of cerebral ischemia in animals. In addition, some gait indices changed significantly at early stages after pMCAO but recovered rapidly, making these parameters suitable for evaluating stroke models and the degree of efficacy of treatment during the acute phase. These parameters included the body rotation average, three support time (%), and the propulsion index.
A previous report has suggested that body weight might affect the intensity of paw contact, the contact area, and the print length [24] . In this study, sham-operated rats were significantly heavier than pMCAO rats (F 1,15 = 17.74, p = 0.0009). Therefore, parameters directly related to the body weight were left out (e.g. the intensity of paw contact and paw size).
In previous assessments using pMCAO models, many researchers found that rats circled or inclined to the affected side, and this phenomenon was often used for evaluating the degree of cerebral ischemia after MCAO [25] [26] [27] [28] [29] . However, the scoring of the behavior depended on the subjective judgment of the observer, and the phenomenon itself disappeared quickly. Hence, the objectivity, accuracy and sensitivity of the scoring method were unreliable. In this study, the average angle between the body axis and the horizon, the standard deviation of the angle, the average distance along the waist axis, and the standard deviation of the distance traversed were all observed in the walking process, thereby insuring that the changing posture in pMCAO rats was assessed in an objective and accurate manner. In the acute phase of cerebral ischemia, the ability to control direction in the pMCAO rats was not completely lost until the decompensation stage, but walking stability was severely impaired. The stable formation of the lesion had obviously affected the directional control of walking, but obvious changes of walking stability had disappeared. Significant changes in the body rotation standard deviation and the average body rotation appeared uniquely at acute and subacute stages, respectively. This showed that these two parameters may be useful for sensitive evaluation of the degree of cerebral ischemia at acute and subacute stages. In addition, many gait parameters were obviously correlated with the walk speed in sham or pMCAO rats, while the body rotation standard deviation and average body rotation showed no significant correlation with this gait feature at any time point in either group. This suggests that the two parameters may be used to assess the walking process without having to take walk speed into consideration. However, these two parameters were not employed in a previous study of animal gait analysis, which may indicate that their use could be complementary in automated gait analysis evaluating systems.
The strength of the extensor muscles of the affected knee is one of the most important factors in walking on humans [30, 31] . In hemiplegic patients, weakened surae triceps muscle, an unstable knee joint, poor ankle joint movement, a muscle spasm of the lower extremity and imbalance all eventually lead to walking abnormalities and a decline in the ability to push away from the glass plate, which in gait analysis hemiplegic people should walk on for data acquisition [32] . Propulsion time and the propulsion index are used to describe the time spent in lifting a paw from the glass plate, a process in which the area of footprint gradually becomes smaller. These features could reflect the gait parameters of swing initiation and forward propulsion in moving the body, which could also reflect to some extent the force condition of the limbs while walking. In a treadmill gait analysis using 8-week-old mice, Wooley et al. [33] noticed an increase in the stance duration of SOD1 transgenic mice compared to wild type mice. A few years later, Mancuso [34] reported an early increase in the hindlimb stance duration that was mainly due to an increase in the propulsion phase duration of about 10% that progressed over the disease process, and further demonstrated for the first time that these abnormalities arise in the acceleration. Krouchev [35] showed that the impairments observed in the locomotor performance of SOD1 mice point to the contribution of muscles involved at the end of the stance phase and the beginning of the swing phase, such as hamstrings, gastrocnemius and flexor digitorum longus (FDL) muscles. In comparison, poststroke hemiparetic patients showed deficits in swing initiation and forward propulsion [36] . We have shown that the propulsion times of all limbs in pMCAO rats were significantly increased almost throughout the whole study. However, the propulsion time and walk speed were correlated in all paws of the sham group and the hindpaws of pMCAO rats. The significantly increased propulsion index had no correlation with walk speed, suggesting that an increased propulsion index might be related to the reduced muscle strength in the pMCAO animals. Deficits in swing initiation and forward propulsion in walking might be due to weakness of the affected limbs, and a hyperfunction of swing initiation might be due to a compensating forward propulsion of the uninjured forelimb. In addition, both hindlimbs, but mainly the uninjured hindlimb, participated in compensatory effort. Several previous studies have reported significant correlations between gait velocity and lower limb muscle strength in stroke people [37, 38] . This is further supported by our current results in which changes in muscle strength may have been an important cause of the reduced walk speed, the increased propulsion time, and the altered propulsion index in pMCAO rats.
In a study of hemiplegic patients, the stance time of the affected lower limb and the uninjured limb was extended compared to normal individuals. The stance time of the uninjured lower limb was longer than that of the affected limb. And the duty cycle (%) of the affected lower limb was lower, while the uninjured one was higher, since the decreased weight-bearing capacity of the affected limb was compensated by the increased contribution of the uninjured lower limb in hemiplegic patients [39] . The results suggested that at the early stages, pMCAO may have led to a significantly increased duty cycle (%), which was reduced over time. On the 21st day after pMCAO, no differences were observed in the duty cycle of the affected hindlimb between the sham and model groups. This lack of difference might have been due to support by the three less severely affected limbs as the rats would have avoided the use of the most affected limb as far as possible in order to improve walking stability. A study on hemiplegic people showed that single support time (%) was decreased, while double support time (%) and double stance time was increased. In addition, the gait stability was improved by the increased double stance time [39] . In both sham and ischemic rats, the longest simultaneous usage of paws during glass plate contact was with two or three paws, and rats rarely supported themselves with only one paw or four paws at any given time while standing [16] . Similarly, in our study, three and four limb support times (%) of pMCAO rats were increased in an effort to improve walking stability to compensate for the decreased double support time (%). Importantly, it was interesting to uncover a symmetrical phenomenon in three support time (%) in the sham group between Rf-Lf-Rh and Rf-Lf-Lh, Rh-Lh-Rf and Rh-Lh-Lf, a phenomenon which was not observed in the model group. We concluded that the reason was as follows: The three support time (%) was increased when the three limbs were engaged in support at the same time in order to reduce the utilization of the dysfunctional affected limb, as the incongruous movement showed. It suggested that the functional deficits of the affected hindlimb were relatively more serious. Then the affected forelimb had to be more supportive in order to limit drooping on the affected side. A similar phenomenon was reported in a study of impaired gait in a mouse model that underwent 60 min ischemia-reperfusion [17] . This may represent a compensatory mechanism in which the forepaws support the function of the impaired hindpaws. The largest stroke-induced deficits in the hindpaws, especially in the contralateral hindpaw, may reflect neuroanatomical conditions. Furthermore, the results suggested that comparison of gait between injured and uninjured limbs in experimental animals may provide a new way to explore asymmetric gait deficits in cerebral ischemia or certain other diseases with an underlying pathogenesis.
Inter-limb coordination is a key characteristic of locomotion and therefore the parameters governing coordination are of particular interest. In quadrupeds, walking on a flat surface is mainly coordinated by neuronal networks within the spinal cord that generate a basic motor pattern. These networks are collectively referred to as central pattern generators (CPGs) [40, 41] . The generated pattern is characterized by a rhythmic alternation between flexor and extensor muscles of the limbs and is likely only initiated and terminated by higher motor centers. Diagonal, girdle and ipsilateral phase lags are parameters that can be used to measure very subtle differences in inter-limb coordination [42, 43] . A very recent report [17] showed changes induced by cerebral ischemia-reperfusion injury in phase dispersions in diagonal pairs as well as in the back girdle pair. Wang et al. also found that the affected hindpaws were placed later relative to the contralateral hindpaws [16] . Then it is especially important to take into consideration that phase lags depend on speed, and changing from walking to trotting will change the diagonal lateral phase lag. Accordingly, comparison of the diagonal and lateral phase lags among quadrupeds is only valid when speeds are similar. However, with symmetrical gaits such as the walk and trot, the girdle phase lag is 50% and does not depend on velocity [42] . In this study, the walk speed was significantly decreased in pMCAO rats, therefore the coupling observed was mainly homologous. In addition, we found that pMCAO led to obvious deficits in homologous coupling, which recovered at later stages.
In conclusion, a selection of photogrammetric parameters were used to objectively and accurately illuminate laws of impairment and compensation in walking at different stages of cerebral ischemia in injured and uninjured rat limbs. Our results show that this system of very sensitive measures may be a promising way of evaluating the performance of affected paws after a stroke. 
Correlations between the volume of cerebral infarction and indicators of walking skill
Functional scoring has become increasingly important in testing neuroprotective drugs, although little consensus exists in the literature about the different scoring systems for neurological assessment in animal models of stroke. Infarct size and functional deficits have been reported to be influenced by various factors, such as model, strain, vendor, age, and cerebral artery occlusion time [44] [45] [46] [47] [48] [49] [50] [51] . Some authors have even reported that unsuccessful trial results in the application of certain tests were due to the rat strain or experimental design used, while others have questioned the reliability of some tests [52, 53] . Therefore, in studying animal models, subjective, qualitative, and inaccurate behavioral approaches may probably result in that it is extremely difficult to uncover associations between functional deficits in behavior and the degree of ischemia. Gait analysis, however, has been developed as a consistent, non-subjective measure of outcome that can detect long-term sensorimotor deficits following MCAO. Hence, gait analysis may be a more stable and reliable behavior method to uncover associations between functional deficits in behavior and the degree of ischemia. Our gait analysis results showed that the cerebral infarction volume of pMCAO rats was correlated with functional deficits of gait on the 7th and 21st day after pMCAO. This was in good agreement with previous animal studies [54] in which a correlation of gait disturbances with the infarct size was also found on days 7 and 10 in animals subjected to pMCAO.
During the acute phase of pMCAO, both reversible and irreversible changes [55] are included in cerebral ischemia. Recovery of the reversible changes may be either partial or even complete.
Functional deficits in walking may be closely related with sum of reversible and irreversible infarct volume. However, the cerebral infarct volume of pMCAO rats after 42 days of recovery may represent the volume of completely necrotic cerebral tissue. Therefore, the fact that there were no correlations at acute stages may be due to differences in the ischemic and infarcted areas at acute and later stages, and this may in turn depend on the establishment of collateral circulation. In addition, in a recent study [14] , results showed that there was no direct correlation in tMCAO rats between the extent of an infarct and the behavioral outcome after three months of recovery. However, significant correlations between the final infarction volume and earlier behavioral outcomes were apparent in the composite neuroscore and rearing test results, but not beyond one month of recovery. Similarly, there was no correlation between the infarct volume and gait parameters in pMCAO rats on the 42nd day. This is likely because the gait function had been restored to a relatively stable state.
Moreover, several researchers have found that ischemic damage in one cerebral hemisphere can cause an adaptive response in the intact hemisphere whereby cross-midline sensorimotor functions are restored over time [56] [57] [58] . Disturbances in gait parameters can be restored over time but this may not result from repair of the cerebral infarct, but rather from compensation by the intact hemisphere. In our study, gait function of pMCAO rats was recovered to a certain degree, 7 and 21 days post surgery, and some gait parameters were correlated with the infarct size. This suggests that there might be some association between the degree of recovery of gait function and cerebral ischemia. The more serious a cerebral ischemia, the less complete would be the recovery of gait function.
Comparing gait impairment in patients and experimental stroke models
There are a variety of commercially available systems for measuring gait and posture changes in humans, including GAITRite [59] , three-dimensional gait analysis and a plantar pressure distribution measure system [60] . Certain systems allow physicians to analyze not only footprint changes, but also joint angle changes from the pelvis to ankles as well as plantar pressure distribution during walking [61] . After a stroke, most patients asked to walk at a comfortable pace will walk at speeds that range from approximately 0.2 m/s to 0.8 m/s [62] [63] [64] [65] . Walking velocities of these patients are significantly lower than the comfortable walking speed exhibited by age-matched individuals (1.3-1.4 m/s). Although between 52% and 85% of patients can regain the capacity to walk, their gait usually remains different from that of healthy subjects [66, 67] . And similar to the results of our experimental stroke study, one group [12] noted that velocity, cadence and stride length in stroke patients tended to decrease while stance was increased. However, in previous tMCAO gait studies in rats [14, 16] , walk speed, cadence and stance time showed no significant changes, which also indicates that pMCAO is more similar to naturally occurring cerebral ischemia in humans than is tMCAO, and thus is of greater clinical relevance. The present study is the first to examine gait in pMCAO rats using an automated computer-assisted method. For a more comprehensive evaluation of gait deficits, we added average body rotation, propulsion time and the propulsion index, none of which had previously been used in gait studies of cerebral ischemia. However, the distal MCAO model used in the current study limits the infarct to the sensorimotor cortex, whereas in hemiparetic human strokes, the injury often involves the internal capsule, resulting in damage to the thalamocortical or extrapyramidal tracts in addition to the corticospinal tract. Thus, in the future, researchers should employ a variety of cerebral ischemia models in order to analyze gait from other angles in a meticulous and comprehensive manner. In addition, parameters related to joint angle and distribution of foot pressure should also be utilized. Gait observations should also be carried out using different kinds of cerebral ischemia models, such as two-vessel occlusion, four-vessel occlusion, and thrombotic emboli. Accordingly, more gait parameters and other cerebral ischemia models will be studied in our laboratory in order to provide a broader understanding of the theoretical basis underlying the pathological mechanisms of cerebral ischemia and to prepare the way for better tools for evaluating the therapeutic effectiveness of potential drugs.
Conclusion
In this research, some objective and accurate photogrammetric parameters were used to illuminate the laws of impairment and compensation in rats at different stages of cerebral ischemia in injured and uninjured limbs during walking. We found that the average body rotation and propulsion index, which none of these have previously been used, were specific parameters for accurately assessing gait function during the acute phase after pMCAO. This indicates that the sensitive measures for skilled walk may be a reliable way to evaluate the performance of affected paws after a stroke. In addition, the gait test results revealed significant correlations between the final infarction volume and earlier behavior outcomes. Furthermore we demonstrated that the gait changes observed in pMCAO rats were more similar to changes following naturally occurring cerebral ischemia in humans. In summary, we propose that the gait analysis has promise as a potential tool for assessing cerebral ischemia severity, and that this method may provide a new means of investigating mechanisms of focal cerebral ischemic disease and potential therapies.
